Ordering of In and Ga in In 0:53 Ga 0:47 As films grown at 573 K, 673 K, and 773 K by molecular beam epitaxy was investigated by electron diffraction pattern analysis using a transmission electron microscope equipped with an -filter and imaging plates. In addition, high-resolution electron microscopy on the specimens and fast Fourier transformation analyses were performed to identify the short-range ordering. In the EDPs obtained from the specimen grown at 573 K, the diffuse scattering corresponding to short-range ordering was observed only when the film was investigated at ½ 1 110 beam incidence, whereas for the specimens grown at 673 and 773 K, diffuse scattering was observed only at [110] beam incidence. The ordering of 573 K specimen has a triple period and those of 673 K and 773 K have a double period. Through the processing of the HREM images and comparison of calculated and observed diffuse-scattering distribution, models of short-range ordered structures were proposed on the basis of the triple-A type ordering at the specimen grown at the 573 K and the CuPt-B type ordering at the specimen grown at 773 K.
Introduction
The spontaneous atomic ordering in III-V semiconductor alloys, which was discovered in some ternary and quaternary alloy systems in the early 1980s, 1) is technologically important because the atomic ordering affects not only their optical properties but also their electronic properties. 2, 3) Previous studies have mostly considered the ordering as a function of enthalpy, 4, 5) temperature, [6] [7] [8] [9] [10] composition or orientation. [10] [11] [12] [13] [14] [15] These studies are mostly about thermodynamic calculation considering enthalpy, 4, 5) simulation based on atomic position, stacking and bonding. 7, 8, 11, 12, 14) The experimental approach of the previous studies can be classified into observation of band gap energy shift on ordering by Raman spectroscopy 9) or structural analysis using transmission electron microscopy (TEM). 10, 13, 15, 16) However, all the TEM analyses for the ordering are observation of the microstructure or conventional diffraction analyses, some went further to yield two-dimensional models of the atomic arrangement.
InGaAs, one of the III-V ternary alloys, is utilized in electronic devices such as high electron-mobility transistors (HEMT) 17) or hetero bipolar transistors (HBT). 18) The atomic ordering in InGaAs alloy has not been studied as much as that of other III-V ternaries such as InGaP or InAlAs. 2, 9, 16, 19, 20) A handful of ordering studies have been carried out on the In 0:53 Ga 0:47 As. 9, 16, 21) However, these are focused mostly on the temperature effects on electronic properties 21) or on the long-range ordering. 2, 16) Furthermore, very weak diffuse scattering resulting from short-range ordering was observed in some III-V ternary alloy systems, such as In 0:53 Ga 0:47 As, for a limited range of growing temperatures. 20) Conventional electron diffraction cannot reveal the detailed intensity distribution of this very weak diffuse scattering. By utilizing the recently improved TEM imaging and recording systems, [22] [23] [24] [25] [26] [27] [28] [29] some of the present authors studied the weak diffuse scattering in In 0:53 Ga 0:47 As epitaxially grown at 718 K by energy-filtered TEM (EFTEM), with which the strong background resulting from plasmon scattering can be removed. 20) In addition to the energy-filtering, they performed image processing of the HREM images, allowing them to derive a simple structure model of the short-range ordering using a one-dimensional line arrangement. In order to clarify the detailed atomic arrangements of such shortrange ordering with very weak diffuse scattering, establishment and extension of the advances in TEM techniques are highly desired.
Considering theses points, we investigated ordering of In and Ga in In 0:53 Ga 0:47 As films with the following purposes.
1) To investigate effectiveness of the use of energy filtering on the weak diffuse scattering at various specimen thicknesses. 2) To analyse changes in shape of the weak diffuse scattering for three different growing temperatures, 573 K, 673 K, and 773 K. 3) To derive three-dimensional atomic arrangements from combined results of the energy-filtered electron diffraction patterns and processed HREM images.
Experimental
As published in detail elsewhere, 30) the lattice-matching films of In 0:53 Ga 0:47 As were grown epitaxially on the exact InP (001) plane at substrate temperatures of 573 K, 673 K, and 773 K. Hereafter these specimens are designated as S573, S673, and S773, respectively. The growth rate of the films was $1:0 mm/1 h and the V/III pressure ratio was kept at $60. Before the growth process, InP substrate was etched for 1 min in a dilute H 2 SO 4 solution, and the native oxide on the surface was thermally desorbed under arsenic flux at 723 K.
For the detailed structure analyses with electron diffraction, a TEM equipped with an -type energy filter (JEM-2010) was used in combination with imaging plates (FDL UR-V). [31] [32] [33] Cross-sectional TEM specimens were prepared by bonding the films oriented to/in [110] and ½ 1 110 face-toface, and then sliced and dimpled to $10 mm. The thin films obtained were ion-milled at 3 kV, 1 mA at an incidence angle of 13 for about 4 h, and then the films were further ionmilled at 2 kV, 1 mA at 11 for 30 min. The diffraction patterns were observed with an -type EFTEM with an energy filtering width of about 20 eV (À10 eV < ÁE < 10 eV).
A JEM-3010 TEM was used for high-resolution electron microscopy (HREM) analysis, and HREM images were analyzed with fast Fourier transformation (FFT) and inverse FFT. Possible atomic arrangements were chosen, the diffuse scattering electron diffraction patterns (EDPs) were calculated, subjected to FFT and inverse FFT, and then compared to the experimental observations. Thus, by a trial-and-error procedure, the In and Ga ordering was determined. The FFT analyses were carried out using Gatan's Digital Image Ò on the simulated two-dimensional atomic arrangements. 3 and the other at about 2/ 3 between the fundamental diffraction spots. It was noticed that if the direction of the incident electron beam was slightly tilted from the ½ 1 110 direction, the intensity of the diffuse scattering became significantly/markedly weaker. Thus, it is believed that the intensity maxima of the diffuse scattering are on the ð 1 110Þ reciprocal plane. The area of the sample for the EDP analyses was chosen arbitrarily, although the thickness increases from Fig. 1(a) to Fig. 1(c) . Except for the fact that the diffuse scattering becomes more distinct and the lines increasingly isolated from each other as the thickness increases, the overall patterns do not change. Thus, the short-range ordering is ubiquitous when probed at ½ 1 110 incidence, but is not observable at [110] incidence. The diffuse scattering is believed to be the evidence of short-range ordering. 20) If there exists long-range ordering, sharp superlattice reflections would appear. However, the articulated spots, such as the ones in the upper left corner of Fig. 1(f) , indicate that the ordering in the short-range regime is significant. Figure 2 (a) is a typical EDP at ½ 1 110 incidence obtained for S573, and Figs. 2(b) and 2(c) are the EDPs at [110] incidence of the S673 and S773, respectively. There are notable differences in the intensity distribution of the diffuse scattering with increasing growth temperature. Whereas the diffuse scattering of S573 appears as relatively distinct double lines between the fundamental diffraction spots, at the higher growth temperatures the diffuse scattering shows single, broader, and more diffuse lines. The data in Fig. 2 thus indicate a triple periodicity for the ordering in S573 and a double periodicity for S673 and S773. In addition, the Figure 3 (a) shows an HREM micrograph of S573 observed at ½ 1 110 incidence, consisting of fine lattice fringes parallel to the (111), ð 1 1 1 11Þ and (002) planes. The inset in Fig. 3(a) is the digital diffractogram obtained with FFT of the HREM image. As the arrows indicate, the FFT shows diffuse scattering in double lines approximately parallel to the [002] direction between the fundamental diffraction spots. This indicates that the HREM image contains information on the short-range ordering. Figure 3(b) is a processed image obtained with inverse FFT by selecting the fundamental reflection and the diffuse scattering inside the large circle indicated in the inset of Fig. 3(a) . The processed image with the inverse FFT reveals structural modulation in detail that is otherwise not noticed. 20, 34) For example, in Fig. 3(b) , there are ordered bright spots on the (111) and ð 1 1 1 11Þ planes, whose spacing is about three times wider than that of the fundamental period shown in Fig. 3(a) . The spots marked by arrows in Fig. 3(b) are believed to arise from the short-range ordering of Ga and In in the zinc-blende structure. The alignment of the bright spots is in two directions, which matches well with the symmetry along the [002] axis in Fig. 2(a) . A similar EDP for In 0:53 Ga 0:47 As was observed for a 713 K specimen with gassource molecular-beam epitaxy (MBE).
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Model of the atomic arrangement
As mentioned above, in order to find the short-range ordering that corresponds to the diffuse scattering in the EDPs of Figs. 2(a) and 2(c), various two-dimensional atomic arrangements were devised and Fourier transformation analysis was carried out until the derived digital diffractograms matched the experimentally observed EDPs. In the simulations, the atomic radii were chosen to be proportional to their respective electron-atom scattering factors. . This is believed to be due to the fact that we used rather simple ''superlattice type'' atomic arrangements for the Fourier transformation. However, as noted above, the characteristic features in the observed intensity distribution, such as the curved intensity distribution of the diffuse scattering, are reproduced. Thus this simple model basically characterizes the atomic arrangement of the constituent elements. In order to quantitatively analyze the short-range ordering, it is necessary to include a huge number of atoms into the model and also to evaluate the intensity of the fundamental diffraction spots, taking into account the dynamical diffraction effect. Plans for such studies are being made.
Figures 6(a) and 6(b) are the three-dimensional arrangements of the atoms that fit well to, and are consistent with, the sequences, which are related to twinning. We believe that the structure is a mixture of the two, rather than a twinned structure, since the force responsible for the ordering in this system is very weak as indicated by the fact that there is only short-range ordering. A previous study using RDS and RHEED during and after MBE growth on the specimens by Mori et al. 30) reported a (2 Â 3) and (2 Â 1) surface structure for samples grown at 573 K and 773 K, respectively. This is in complete agreement with our results, since TP-A (S573) has a (2 Â 3) structure and CuPt-B (S773) has a (2 Â 1) structure, when observed from the same direction.
Temperature effects on short-range ordering
Although it was not a primary goal of this investigation, it is of general interest to find out which factors influence or dominate the short-range ordering. It is interesting that the growth temperature has an effect on the distribution of atoms and can change it from a modified TP-A type in S573 to modified CuPt-B type in S773, with S673 apparently a transition state between them. The substrate temperature influences the ordering behavior of In and Ga in an InGaAs film grown on InP, which is consistent with the strong effect of high temperature on surface segregation during growth. 36) Zorn et al. 37) discussed the relation between the spontaneous ordering, dependence of the ordering on the growth parameter and the reconstructed surfaces, in which the induced strain of the reconstructed surface leads to a spontaneously ordered alloy. The different growth temperatures correspond to different surface structures, and we believe that they lead to differently ordered alloys, such as the TP-A and CuPt-B type orderings. This topic was also discussed by Gomyo et al. 38) for InAlAs alloys and by Mori et al. 30) for InGaAs. This might be related to the triple period (longer distance) in S573 and the double period (shorter distance) in S773.
Summary
The structures of short-range ordering in In 0:53 Ga 0:47 As grown at 573 K, 673 K, and 773 K have been analyzed with energy-filtered electron diffraction and processed HREM images. The results obtained are as follows.
(1) In S573, diffuse scattering with double lines between the fundamental diffraction spots was observed at ½ 1 110 incidence. A structure model for the short-range ordering was proposed on the basis of the TP-A type ordering. (2) In S773, diffuse scattering with single lines between the fundamental diffraction spots was observed at [110] incidence. Another structure model for the short-range ordering was proposed on the basis of the CuPt-B type ordering.
(3) In S673, diffuse scattering with single lines between the fundamental diffraction spots was observed at [110] incidence. This is similar to S773, but is considered to be a transient state between S573 and S773. (4) The effect of substrate temperature appears to affect the ordering via surface stress that, in turn, influences the atomic stacking. 
